Introduction
HIV-2 is a retrovirus that mostly infects people living in West Africa. Compared with HIV-1, the clinical course of HIV-2 infection is generally characterized by a longer asymptomatic stage, lower plasma HIV-2 RNA levels and lower mortality. 1, 2 However, progression to AIDS does occur and HIV-2-infected patients should start ART at any time. 3 To date, no randomized trials addressing the question of when to start ART or the choice of initial or second-line therapy for HIV-2 infection have been completed. 4 For this reason, although HIV-2 management follows HIV-1 recommendations, specific issues should be considered. First, HIV-2 is intrinsically resistant to HIV NNRTIs. 5 Second, for protease inhibitors, darunavir, lopinavir and saquinavir seem to be the most active against HIV-2, while others, such as fosamprenavir or atazanavir are less active. 6, 7 Third, resistance-associated mutations are uniformly more frequently selected in HIV-2-infected patients while on therapy. 8 Finally, genotypic algorithms used to predict drug resistance in HIV-1 may not be applicable to HIV-2 because pathways and mutational patterns leading to resistance may differ between HIV types. 9 The latest family of antiretrovirals approved for the treatment of HIV infection, the integrase strand transfer inhibitors (INSTIs), has shown that all approved integrase inhibitors are effective against HIV-2 isolates. 10, 11 We previously discussed the short-term efficacy of dolutegravir in a few HIV-2 patients that failed raltegravir. 12 However, there is limited information about the long-term effectiveness of these antiretrovirals in real life as well as the mutational pathways leading to HIV-2 resistance to raltegravir, elvitegravir or dolutegravir. 9, 13 The aim of this study was to analyse retrospectively the mutational patterns emerging in HIV-2-infected patients failing raltegravir and the impact of these changes on subsequent dolutegravir therapy in a group of HIV-2 individuals living in Spain.
Methods
The Spanish HIV-2 national register is a publicly funded database that collects information from all individuals diagnosed with HIV-2 infection in Spain since year 1989. A centralized repository of stored clinical samples, including PBMCs and plasma, functions in parallel and was used for the current study.
14 Plasma HIV-2 RNA was quantified using a non-commercial real-time PCR assay. The region amplified was the long terminal repeat with primers and probes described elsewhere. 15 Both HIV-2 group A and B are reliably detected with this assay.
Amplification of sequences of the integrase gene was attempted in plasma specimens. For HIV-2 RNA extraction, plasma was processed as indicated on the RNA extraction kit used (QIAamp DNA Mini Kit; QIAGEN, Germany). Reverse transcription was carried out for the integrase gene, followed by a nested PCR. The amplicon length was 843bp and included the integrase region that contained known resistance-associated amino acid substitutions. Primers and conditions have been previously described. 11 The product was purified (QIAquick PCR Purification Kit; QIAGEN) and, finally, a sequencing PCR was performed (BigDye Terminator v1.1, v3.1 5X Sequencing Buffer, Applied Biosystems, UK and BigDye Terminator v1.1 Cycle, Applied Biosystems, USA). Bulk Sanger sequencing was carried out using the 3100-Avant Genetic Analyzer (Applied Biosystems, USA). Sequences were analysed with SeqScape v2.5 using ROD HIV-2 as the reference strain.
All changes recorded in the integrase gene were considered. Drug resistance-associated changes along with compensatory drug resistance mutations were considered using the information available from HIV- 
Results
From a total of 319 HIV-2-infected patients recorded in the HIV-2 Spanish cohort until December 2015, 53 integrase sequences from 30 individuals were obtained. They belonged to 20 raltegravirnaive and 10 raltegravir-experienced patients. Only patients with available plasma samples and detectable plasma viraemia were included in the study.
Overall, 23 (76.7%) were males who had acquired HIV-2 infection mainly by heterosexual contact (73%). Most were from SubSaharan Africa (70%) but five (16.7%) were native Spaniards. The main characteristics of the study population are recorded in Table 1 .
Integrase sequence analyses in 20 raltegravir-naive individuals identified only one secondary mutation (E138A) in one subject. There is no information on the impact of this change in isolation at baseline on virological response to raltegravir. Our patient started treatment with a raltegravir-containing regimen with achievement of undetectable viraemia that has lasted for .2 years.
A total of 33 sequences were analysed from 10 patients that failed raltegravir-containing regimens at different time points. The median time on raltegravir therapy was 13 months (IQR " 9-19.5). The main characteristics of these patients are recorded in Table 2 . At failure, median HIV-2 RNA was 2.9 log copies/mL (IQR " 2.3-3.5). All but one displayed integrase resistance-associated mutations. Resistance patterns were as follows: N155H ! A153G/S (four patients); Y143G ! A153S (two); Q148R ! G140A/S (two) and Y143C ! Q91R (one). Of note, all patients with mutations at codons 143 and 155 developed a non-polymorphic mutation at codon 153. Table 3 records all changes found in the nine patients with integrase resistance mutations. In addition, all patients showed distinct drug resistance mutations at the reverse transcriptase and protease regions (data not shown).
Following raltegravir failure, five patients were subsequently treated with dolutegravir along with an optimized background of at least two additional antiretroviral drugs (patients 2, 3, 6, 7 and 8). All were treated with either darunavir/ritonavir (four patients) or Requena et al.
atazanavir/ritonavir (one patient) along with two nucleos(t)ides. All but one achieved significant HIV-2 viral load reductions (.0.5 logs and/or to ,50 HIV-2 RNA copies/mL) 6 months after beginning dolutegravir therapy and this was accompanied by a median increase of 114 CD4! T cells/mm 3 (IQR " 76-156). After a median of 14 months on dolutegravir therapy (range " 6-34), three patients experienced viral load rebound. At that time, integrase sequence analysis showed a selection of new mutations in all cases, with disappearance of N155H and replacement by changes at amino acid Q148K/R in two of them and G118R in another one, along with other amino acid changes (Table 4) . Phylogenetic analyses were performed in all longitudinal samples to confirm that all sequences belonged to the same individuals ( Figure S1 , available as Supplementary data at JAC Online).
Discussion
Three drugs within the INSTI class are currently approved for the treatment of HIV-1 infection. Despite a 40% difference in amino acid sequence between HIV-1 and HIV-2 integrases, in vitro data and some clinical experience suggest that raltegravir, elvitegravir and dolutegravir are effective against HIV-2.
10-13 The INSTI HIV-2 integrase resistance mutations JAC mechanism of action prevents the HIV integrase from incorporating proviral DNA into the human host cell chromosomes, inhibiting the strand transfer step. This step has no human homologue, making it a specific and effective HIV drug target. Besides, drugs within this family exhibit excellent tolerability and minimal toxicity. 18 Different clinical trials conducted in HIV-1-infected individuals have demonstrated the efficacy and safety of raltegravir, 19, 20 elvitegravir 21 and dolutegravir 22 in both treatment-naive and treatmentexperienced patients. In the VIKING studies, dolutegravir activity was tested in patients with genotypic raltegravir resistance. 23 Interestingly, dolutegravir demonstrated efficacy in this subset of patients except for those with changes at codon Q148 plus 2 additional mutations at baseline. 24 All integrase inhibitors approved so far exhibit potent activity against HIV-2. 10, 11, 25 However, no randomized trials addressing the question of when to start ART or the choice of initial or secondline therapy for HIV-2 infection have been completed until now. 4 Thus, the optimal treatment strategy for HIV-2 infection has not been defined. In addition, virological failure and resistanceassociated mutations to NRTIs, PIs and/or INSTIs seem to be more frequently selected in HIV-2-infected patients on therapy. 8, 9, 26 In our study we examined the resistance profile to INSTIs in a relatively large group of HIV-2 drug-naive individuals treated with raltegravir and in a subset of patients that subsequently was exposed to dolutegravir after failing raltegravir.
In contrast to what is seen for NNRTIs, HIV-2 does not exhibit baseline resistance mutations to INSTIs in INSTI-naive patients. 27 In our study, from 20 HIV-2 drug-naive individuals, only one showed a polymorphism, at integrase codon E138A. The change at position E138K/A has already been described as a nonpolymorphic accessory resistance mutation selected in HIV-1 patients treated with raltegravir, elvitegravir or dolutegravir. 27 It is generally selected in combination with Q148 mutations. By itself it does not reduce INSTI susceptibility. 28 However, it is associated with .100-fold reduced raltegravir and elvitegravir susceptibility and up to 10-fold reduced dolutegravir susceptibility when present along with Q148 mutations. 23 In our patient, the presence of isolated E138A was not associated with raltegravir failure and this supports that it did not compromise raltegravir antiviral activity.
Ten HIV-2 patients experienced viral rebound while on raltegravir. All but one developed integrase resistance-associated mutations. The most frequent pattern was N155H (four cases) followed by Y143G/C (three cases) and Q148R (two cases). Similarly we found other integrase changes previously described in HIV-2 infection (I84V, E92Q, T97A, G140A/S). 12, 29 In vitro studies have examined the activity of dolutegravir against a panel of viruses with sitedirected mutations in the integrase of HIV-2 subtype A. 30 Interestingly, a few single amino acid changes (T97A, G140S, Q148H or N155H) did not impact on dolutegravir susceptibility. By contrast, changes at positions E92Q, Y143C or Q148K/R alone or in combination led to moderate to high-level resistance to dolutegravir. 30 Based on those findings, all our patients should have exhibited extensive cross-resistance to dolutegravir.
Although only two patients in our series were infected with HIV-2 subtype B, we could not find any evidence of an association between HIV-2 subtype and a specific INSTI resistance pattern. For instance, it was Y143C ! Q91R ! A153S and N155H ! I84V ! A153G, respectively, in the two subtype B patients.
Changes at integrase position 153 (A153S/G) were seen in seven HIV-2 patients failing on raltegravir. In HIV-1 infection, S153Y/F is an extremely rare polymorphism selected in vitro by elvitegravir and dolutegravir. On the other hand, S153Y/F has been shown to reduce raltegravir and dolutegravir susceptibility by 2-fold and elvitegravir susceptibility by 4-fold. 31, 32 Five patients were treated with dolutegravir-based combinations after raltegravir failure. All but one experienced a significant viral load reduction. Previous studies reported short-term efficacy of dolutegravir in HIV-2 patients that failed on raltegravir. 12, 33 Herein we report that after a median of 14 months, virological failure occurred in three initial responders. Interestingly, all three harboured N155H ! I84V ! A153G/S upon failing on raltegravir. This change disappeared in all of them upon failing on dolutegravir. Two evolved to select Q148K/R and the remaining to G118R, along with other minor changes. In molecular clones, Fransen et al. 34 reported that N155H is gradually replaced by Y143R or Q148H/R under continued raltegravir exposure. The combination pattern G140S/Q148R seems to be the one with the highest viral fitness whereas it provides the greatest high-level raltegravir resistance. 35 Interestingly, this pattern has already been associated with reduced susceptibility to dolutegravir in HIV-1 infection. 24 We hypothesize that a similar behaviour may occur in HIV-2, supporting the evolution in resistance patterns noticed in our patients. More intriguing is patient no. 6, in whom mutation G118R was selected replacing N155H; however, this change has already occasionally been shown to reduce dolutegravir resistance in SIVmac239 and HIV-1. [36] [37] [38] [39] In conclusion, there is a wide repertoire of resistance mutations in the integrase gene in HIV-2-infected patients failing raltegravir and/or dolutegravir. Although dolutegravir is efficacious in most patients harbouring primary raltegravir (and elvitegravir) drug resistance mutations, our data suggest that the resistance barrier to dolutegravir could be lower in HIV-2 compared with HIV-1 infection. Considering the limited options for ART in HIV-2 infection, our results highlight the importance of prioritizing potent antiretroviral combinations in HIV-2 infection to maximize the long-term benefit of ART, with particular attention on avoiding selection of drug resistance mutations that ultimately result in cross-resistance.
